Motivation: Sequencing pools of individuals (Pool-Seq) is a cost-effective way to gain insight into the genetics of complex traits, but as yet no parametric method has been developed to both test for genetic effects and estimate their magnitude. Here, we propose GWAlpha, a flexible method to obtain parametric estimates of genetic effects genome-wide from Pool-Seq experiments. Results: We showed that GWAlpha powerfully replicates the results of Genome-Wide Association Studies (GWAS) from model organisms. We perform simulation studies that illustrate the effect on power of sample size and number of pools and test the method on different experimental data.
Introduction
Progress in sequencing technology has enabled genome-wide association studies (GWAS) in potentially any organism with segregating genetic diversity, even those lacking prior genomic resources. Nonetheless, developing association panels involving extensive genotyping and maintaining living genotypes to repeatedly measure phenotypes remains limiting in most organisms. Individual-based phenotyping performed on fully sequenced genotypes such as inbred lines is not always technically possible or biologically relevant. As an alternative, the sequencing of pools of individuals contrasting for a given phenotype is straightforward (Schlö tterer et al., 2014) . This requires no prior knowledge on the genetic make-up of the sampled population and reduces the sequencing time and effort to a limited set of pools representing the diversity of the trait. However, even if a substantial corpus of work has focused on the calling of genetic variants in Pool-Seq experiments or obtaining robust allele frequency estimates (Cao et al., 2014; Edwards et al., 2012) , statistical models to measure the magnitude of the genetic effects underlying complex trait variation are scarce. The existing methods have predominantly applied non-parametric contingency tests contrasting the count of alleles across pools (Kofler et al., 2011; Magwene et al., 2011; Yang et al., 2015) . There is a lack of test statistics that measure the effect size of genome-wide polymorphisms in the Pool-Seq context. Here, we propose a flexible parametric test to infer the size of genetic effects from the allele frequency in pools covering the entire range of variation for a quantitative trait. ; y 0 i , we observe Q K ¼ fq 1 ; . . . ; q k g the distribution of a specific allele across the k pools summing to 1. GWAlpha estimates the parameters of the distribution of the q i , both for a specified allele and for all alternative 3 Results and discussion
Model

Simulation
The GWAlpha method was tested by simulating 10 000 diallelic SNP genotypes for either 100, 200 or 500 individuals and randomly selecting either one or ten SNPs as additive QTL to generate a phenotype with heritability h 2 ¼ 0.5. The data were then converted into synchronized genotype files (SYNC files) by assigning the individuals into two to ten pools based on phenotypes and assuming a 40X Poisson-distributed coverage. Each simulation condition was replicated 500 times, and GWAlpha was performed using maximum-likelihood estimation. With a single SNP affecting the phenotype, GWAlpha recaptured the causal SNP as the top candidate in over 95% of the simulations when including three pools or more. With ten SNPs affecting the phenotype with random effect sizes, a minimum of 26% of the causal SNPs (average over 500 replicates) were recaptured in the top 100 candidates when 100 individuals were sampled in two pools; and 58% with 500 individuals in five pools (Supplementary Data 1) .
The results show that a large sample size which is non-limiting in pool-seq yields accurate estimates of alpha (Supplementary Data 2) ; leading to the specific detection of associated SNPs (Supplementary Data 3) and showing limited bias due to allele frequency and coverage differences (Supplementary Data 4) . With a sample size of 500 individuals, the best suggested pool number was determined to be five.
Data analysis
We tested maximum-likelihood-based GWAlpha with four GWAS datasets in two different organisms (Brachi et al., 2015; Baxter et al., 2010; Battlay et al., 2016; Magwire et al., 2012) , converting the genotypes and phenotypes into synchronized genotype files with a 200X uniform coverage (Supplementary Data 5) . For the Drosophila melanogaster datasets, including within-population variability with limited population structure, the two associations identified in Magwire et al. (2012) were recaptured as the two top peaks with four sequencing pools ( Supplementary Fig. S5 ). The major association with the Cyp6g1 gene identified in Battlay et al. (2016) was recaptured with five pools as second top SNP. For the Arabidopsis thaliana datasets, gathering across-population variability, the major association with the AtHKT1;1 gene identified in Baxter et al. (2010) was recaptured as the top candidate using five pools (Supplementary Fig. S6 ). The second and third highest associations from Brachi et al. (2015) were identified with only three pools while the top association linked to SNPs with frequency <10% was not detected. The results obtained with GWAlpha are consistent with those of GWAS, showing satisfactory power to detect associated SNPs. However, higher correlation among SNPs led to potentially spurious association peaks in the more structured A. thaliana sample, making GWAlpha more suitable to identify genetic variants segregating within unstructured populations.
Conclusion
GWAlpha provides a parametric estimation of genetic effect, enabling straightforward comparison across populations or phenotypes. It provides a middle ground between costly individual-based GWAS and two extreme pools contingency test. GWAlpha outperforms contingency tests in most scenarios, unless replicated experiments enable the use of the more powerful Cochran-Mantel-Haenszel test. The generic input format and flexible python implementation allow a straightforward integration to other genomic analysis pipelines with reasonable speed and memory usage (Supplementary Data 6) and is suitable for any organism, irrespective of the extent of resources available.
